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Recently the EDGES collaboration reported an anomalous absorption signal in the sky-averaged
21-cm spectrum around z = 17. Such a signal may be understood as an indication for an unexpected
cooling of the hydrogen gas during or prior to the so called Cosmic Dawn era. Here we explore the
possibility that sub GeV dark matter cooled the gas through velocity-dependent, Rutherford-like
interactions. We argue that such interactions require a light mediator that is highly constrained by
5th force experiments and limits from stellar cooling. Consequently, only a hidden or the visible
photon can in principle mediate such a force. Neutral hydrogen thus plays a sub-leading role and
the cooling occurs via the residual free electrons and protons. We find that these two scenarios are
strongly constrained by the predicted dark matter self-interactions and by limits on millicharged
dark matter respectively. We conclude that the 21-cm absorption line is unlikely to be the result
of gas cooling via the scattering with a dominant component of the dark matter. An order 1%
subcomponent of millicharged dark matter remains a viable explanation.
I. INTRODUCTION
A recent measurement of the global 21-cm spectrum
by the EDGES collaboration shows a strong absorption
signal from around a redshift of z = 17 [1]. When com-
pared to the standard model prediction, the significance
of the excess was estimated to be 3.8σ.
This first-of-a-kind measurement is an intriguing one.
At around z ' 20 the first stars are born and the cosmic
gas in the universe is at its coolest period, before being
heated by X-ray radiation. This epoch (roughly 15 . z .
35) is known as the cosmic dawn. The hydrogen 21-cm
transition measurement, as it is usually interpreted, is a
unique probe of the temperature of the hydrogen gas. As
the gas decouples from the CMB at around z ' 200, its
temperature evolves adiabatically, dropping below that
of the radiation. During that period, modifications of
the cosmic history may leave a measurable imprint on
the corresponding 21-cm absorption spectrum.
At that same epoch, dark matter (DM) has not yet
been stirred up by non-linear gravitational collapse and
it is consequently at its coldest phase too. As was first
pointed out in [2], DM elastic scatterings with baryons
at around or prior to that time, may cool down the gas,
thereby influencing the 21-cm absorption spectrum. This
idea was further studied in [3], and recently analyzed
in [4] showing that a light (sub-GeV) DM which scatters
off baryons, can leave the desired imprint once Ly-α radi-
ation turns on, providing an exciting explanation of the
signal. Such interactions, however, must compete with
the Compton scatterings, that acts to couple the gas to
the CMB radiation, and hence must be quite strong. A
strong velocity-dependence of DM interaction with the
SM seems like the best way to evade present day, astro-
physical and cosmological constraints [5], including the
very recent revisit of the SN1987 limit [6], the BBN and
CMB bounds constraining the number of relativistic de-
grees of freedom [7, 8], CMB anisotropy [9–12], 5th force
experiments [13–17], stellar cooling [18, 19], bounds on
DM self-interactions [20, 21], and bounds on DM mil-
licharge [7, 22, 23]. Accordingly, these interactions must
be mediated by a light degree of freedom that allows
for Rutherford-like scattering with baryons, σ = σˆv−4rel ,
where vrel is the relative velocity between the two inter-
acting particles.
The approach taken by [2–4] as well as in CMB studies
of DM-hydrogen interaction [11, 12, 24, 25] is a model-
independent one, where one assumes the above velocity
dependence in the cross section without specifying its
origin. In light of recent advancements it is natural to
ask whether there exists a particle physics model that can
address the EDGES observation while being consistent
with the existing limits. In this paper we address this
question, arguing that the dominant component of DM
cannot explain the EDGES observation via the cooling
of the hydrogen gas.
To understand this, we note that the de-Broglie wave-
length of a DM particle with mDM . GeV at z = 20 is
λ & 10−9 m and always larger than the atomic Bohr
radius, a0 = (αme)
−1. Therefore DM interacts with
the hydrogen atom as a whole. In order to have a v−4rel -
enhanced scattering cross-section, its overall charge must
not vanish. However, that very same property implies
that this mediator induces a long range force. Indeed,
the mediator mass, mφ, must be smaller than the typical
momentum transfer in order to induce a 1/v4rel enhance-
ment. Since the relative velocity at the cosmic dawn
is vrel . 10−6 one finds mφ . keV for mDM < GeV.
For such a light mediator, as will be demonstrated in
Sec. IV, constraints from 5th-force experiments are in-
credibly strong [17] (except for the upper allowed region
where stellar cooling constraints are stronger), ruling out
the possibility of cooling of the gas via neutral hydro-
gen interactions. Similar constraints hold for any medi-
ator under which heavier atoms are charged (including
U(1)B−L).
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2Strong Rutherford-like interactions between the DM
and the gas can still be present due to the small residual
fraction of free electrons and protons. The required in-
teraction rate is roughly three orders of magnitude larger
than the one for DM-hydrogen. In the early universe,
the interactions with the protons dominate the inter-
action rate, which however implies an even larger DM-
electron cross section. These cross sections are expected
to be probed soon with upcoming direct detection exper-
iments [26–28].
With the above discussion, two possibilities for the
mediation of the DM-gas scatterings remain: A U(1)D
gauge boson (hidden photon) that kinematically mixes
with the Standard Model (SM) photon, or the SM pho-
ton itself with a DM millicharge. The massless limit of
the former implies that DM is millicharged under elec-
tromagnetism, however strictly speaking the two theories
are not the same: a hidden photon can induce strongly
constrained DM self-interactions (see e.g. [21]) while a
millicharged DM is strongly constrained as it is expected
to be evacuated from the galactic disk [4, 23, 29]. Below
we analyze these cases concluding that the cooling of the
hydrogen gas via scattering with the dominant component
of DM is unlikely to be the explanation of the EDGES ob-
servation.
The paper is organized as follows. In Section II we
briefly review the standard model 21-cm physics and dis-
cuss the cooling of the gas through its scattering with
DM. In Section III we present the DM parameter space
required to address the measured absorption line. Here
we account for the fact that DM may interact with the
neutral hydrogen, helium, or the free electron and pro-
ton fraction. In Section IV we then study the hidden
photon and millicharge DM models, demonstrating the
strong constraints and identifying the possibly interest-
ing regions for a sub-component of DM. We conclude in
Section V.
II. THE 21 CM GLOBAL SPECTRUM
A. The Standard Model
By the time of recombination (z ∼ 1100) matter dom-
inates the energy density in the Universe. The baryon
number density is mainly composed of neutral hydrogen
atoms (H), together with a smaller Helium (He) com-
ponent, xHe = nHe/nH ' 1/13, and a small percent-
age of free protons and electrons, xe = ne/nH = np/nH,
which varies from ∼ 20% at z = 1100 to ∼ 2 × 10−4 at
z ∼ 20 [30]. This small fraction leaves a crucial imprint
in the gas thermal history by coupling Tgas to TCMB via
Thomson scattering down to z ' 200.
Below z ∼ 200 and down to z ∼ 30, the gas is decou-
pled from radiation and cools adiabatically. At this time,
most of the hydrogen gas is in its ground state, whose de-
generacy is only broken by the hyperfine splitting of the
singlet (0) and triplet (1) states with an energy differ-
ence of E21 = 5.9 × 10−6 eV ' 0.068 K ' 2pi/21 cm 1.
The relative number density of triplet and singlet states
of the hydrogen defines the so called spin temperature,
n1
n0
≡ g1
g0
e−E21/Ts ' 3
(
1− E21
Ts
)
. (1)
This effective temperature is sensitive to different spin-
flipping processes after recombination and has been ex-
tensively studied as an interesting tracker of the cosmo-
logical history after recombination [2, 3, 31–45].
Roughly speaking, three competing effects influence
the evolution of the spin temperature:
1. H-H and H-e collisions in the gas induce 1 ↔ 0
transitions. The rate can be written as C10 =
nH(k
H
10 + k
e
10xe + k
He
10 xHe) where k
i
10 are a func-
tion of the temperature 2. Since the collision rate
C10 is much larger than Hubble, 1 → 0 and 0 → 1
collision processes equilibrate and one can write
C01 =
g1
g0
C10e
−E21/Tgas ' 3 C10
(
1− E21
Tgas
)
. (2)
2. Cosmic hydrogen can resonantly absorb and emit
the CMB flux, the rates of which are described by
the induced emission and absorption rates B10 =
B01/3 = A10 × TCMB/E12 which are related to
the Einstein coefficient describing the spontaneous
emission rate, A10 ≈ 2.9× 10−15 sec−1 [47].
3. Scattering of UV photons can also induce spin-flip
transitions of the hydrogen ground state. In partic-
ular once absorptions and emissions of Ly-α pho-
tons from the first stars become important, they
couple the spin temperature to that of the gas via
the Wouthuysen-Field effect [31, 48]. We refer the
reader to [49] for a more detailed explanation of
these effects.
Given that the rates of the processes described above
are larger than Hubble all the way below z . 10, the spin
temperature can be defined at any z by an equilibrium
equation [31]3,
∆Ts ' ycol ∆Tgas + yLyα ∆TLyα
1 + ycol + yLyα
, (3)
where ∆T = T − TCMB, and
ycol =
E21
Tgas
C10
A10
, yLyα =
E21
TLyα
L10
A10
. (4)
1 Here and below we work in natural units, ~ = c = kB = 1.
2 The rate of H-H collisions dominates over e-H collisions even
though the latter have a much larger cross section. We refer to
Ref. [46] for the specific rates we used in our study.
3 Often, a different notation is used for this equation. See e.g. [49].
3Here TLyα is defined through the detailed balance equa-
tion for the excitation rate via the scattering of Ly-α
radiation, L10. The latter is relevant only once stars are
formed at around z ' 20.
Eq. (3) nicely demonstrates the evolution of the spin
temperature relevant for the 21-cm physics. At early
times, down to z ∼ 100, collisions dominate, ycol 
1, yLyα, and the spin temperature is that of the gas. At
later times, CMB-induced absorptions followed by emis-
sions begin to dominate, ycol,Lyα → 0, and the spin tem-
perature rises above the gas temperature and towards
that of the CMB. Finally, when the Ly-α-induced colli-
sions are largest, yLyα  1, ycol, at around z ' 20, the
spin temperature follows TLyα. Since the Ly-α radia-
tion can only be hotter than the gas and since the gas
is colder than the CMB temperature, one concludes that
under the detailed-balance assumptions above, the spin
temperature cannot be lower than that of the gas. This
assumption plays an important role when estimating the
deviation of the EDGES measurement from standard cos-
mology.
B. Dark Cooling
The measured 21-cm signal to be discussed in the next
section is directly proportional to the difference between
the spin and CMB temperatures. Dark matter can, in
principle, cool the spin temperature in two ways:
• By scattering off gas particles, DM can allow for
an energy flow from the hotter baryonic gas to the
cooler dark matter fluid. Once the spin tempera-
ture couples to that of the gas, its temperature is
reduced.
• DM can directly drain the spin temperature via,
for example, direct spin-flip interactions (for suffi-
ciently light DM) or through bosonically-enhanced
induced emissions.
Dark matter cooling of the gas was first realized in [2]
and further studied in [3] and [4]. In this letter we focus
on this case, leaving the second possibility for an upcom-
ing publication. Below we briefly describe the physics
involved, referring the reader to [3] for a more detailed
analysis.
Since DM is significantly colder, it is naively expected
to cool the gas down through its interaction. However,
the predicted relative bulk velocity between the two gases
dissipates with time and thus, under certain conditions,
act to heat up the gas [3, 11]. This competing effect
is best seen through the Boltzmann equations describing
the evolution of temperatures and of the relative velocity:
dTχ
d log a
= −2Tχ + 2
3
Q˙χ
H
, (5)
dTgas
d log a
= −2Tgas + ΓC
H
(TCMB − Tgas) + 2
3
Q˙gas
H
, (6)
dvrel
d log a
= −vrel − D(vrel)
H
. (7)
Here a is the scale factor, H(z) ' √ΩmH0(1 + z)3/2 is
the Hubble parameter during matter domination, vrel is
the relative velocity between DM and the gas, ΓC is the
Compton scattering rate, and D(vrel) is the drag term
that accounts for the relative velocity change due to DM-
gas interactions. In the above Q˙χ,gas describes the heat
transfer per unit time which results from the scattering of
the DM with the gas. We refer to App. A for a derivation
of the drag term and the heat transfer rate.
Originally only interactions with hydrogen were taken
into account. However, as was argued in the Introduc-
tion and will be discussed below, free electrons and pro-
tons play a crucial role given the severe constraints on
the mediators which can induce velocity-enhanced DM-
hydrogen interactions. For the analysis below we there-
fore consider the terms describing the interactions with
hydrogen, helium and free electrons and protons. We
thus write the different contributions to the heat trans-
fer rate as
Q˙gas =
∑
I={H,He,e,p}
Q˙Igas . (8)
Each contribution may be approximated as Q˙Igas ∼
xIΓ
I∆EI with Γ
I ∼ nχσIvrel and ∆EI ∼ µIv2rel, (where
µI is the reduced mass of the corresponding DM-gas com-
ponent, xI ≡ nI/nH and nχ is the DM number density).
Eq. (6) then simply explains the need for a large cross-
section in order to affect the gas evolution: In order to
cool down the gas efficiently, the rate of DM-gas interac-
tions should be comparable to the heating by Compton
scattering ΓC . Indeed by requiring Q˙gas ∼ ΓCTCMB one
can ballpark the required cross section σˆI that is needed
to explain the 21-cm global spectrum. For example re-
quiring Q˙gas ∼ ΓCTCMB at z = 20 with a GeV DM
particle, one finds that σH ' 10−19 cm2 when assuming
that only DM-hydrogen interactions are switched on.
If DM is a new fundamental particle obeying the basic
rules of relativistic quantum field theory, its cross section
can grow at small relative velocity at most as v−4rel , cor-
responding to a Coulomb-like force. In order to enhance
as much as possible the cross section at low velocities,
below we follow [2, 3] and assume
σI = σˆIv−4rel . (9)
This represents the best case scenario for the dark cooling
to be enhanced and accommodate a large cross section
4required to affect the 21-cm spectrum, while not violat-
ing CMB and direct detection constraints 4. The root
mean square relative velocity between the DM and the
gas is [51] vrel = 29 km/sec ∼ 10−4 at decoupling and it
redshifts correspondingly at later times.
For the case of light dark matter much below the GeV
mass scale (where sufficient cooling can be obtained), the
drag force has very little effect on the gas temperature
evolution and can be neglected. Assuming the cross sec-
tion of Eq. (9) one then finds [2, 3] the approximated
expression,
Q˙Igas '
√
2
pi
µI
mI +mp
xI
u3th
(Tχ − Tgas)nχσˆI , (10)
where we defined (uIth)
2 = Tgas/mI +Tχ/mχ. The corre-
sponding Q˙χ is obtained by exchanging χ↔ gas. As can
be seen from Fig. 1, the approximate formula above gives
a correct description of the behavior of the cooling rate
for light dark matter, where the cross section becomes
independent on the dark matter mass.
In the upcoming section we solve these equations more
precisely, fitting the observed signal to a DM-gas inter-
action.
III. THE 21-CM SIGNAL
Whenever Ts < TCMB, the gas absorbs CMB radia-
tion, leaving an imprint in the form of an absorption
line in the CMB spectrum. Two lines of that nature are
expected to appear, first around z ∼ 50 − 100 during
the dark ages, when collisions dominate the spin-flipping
transitions, and second during the cosmic dawn at around
z ∼ 20, when the UV radiation from the first stars cou-
ples the spin temperature back to the gas. To quantify
the absorption strength one defines the redshifted bright-
ness temperature [52],
T21 =
1
1 + z
(Ts − TCMB)
(
1− e−τ) , (11)
where τ is the optical depth given by,
τ ' 3λ
2
21A10nH
16TsH(z)
. (12)
At z = 17 the standard evolution described in Sec. II
predicts Tgas(z = 17) ' 6.8 K (see e.g. [51]). Assuming
the most optimal scenario, Ts = Tgas, one then arrives at
the brightness temperature,
TSM21 (z = 17) & −220 mK . (13)
4 This argument ignores stronger-than-Coulomb forces that may
possibly arise in non relativistic effective theories where DM in-
teractions with matter exhibit a MOND-like behavior [50].
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FIG. 1. The cross section defined in Eq. (9) required to fit
the EDGES signal for DM-hydrogen interactions (red), DM-
helium interactions (blue) and interactions with the ionized
fraction assuming the interacting particle constitutes all of
the DM (green) or only 1% of the DM density (brown).
The solid (dashed) lines correspond to the minimal cross
section needed to obtain a brightness temperature T21 =
−300 mK (−500 mK) assuming infinite Ly-α radiation rate
which couples the spin temperature to that of the gas, and
assuming no heating of the gas due to X-ray radiation.
This is contrasted with the recent study by EDGES
where
TEDGES21 (z ' 17) = −500+200−500 mK (14)
is reported [1], with the errors correspond to the 99%
C.L. intervals. Again, under the assumption of Ts = Tgas,
the above implies Tgas(z = 17) = 3.26
+1.94
−1.58 K. The dis-
crepancy between expected and measured temperatures
correspond to a 3.8σ excess [1]. We are therefore moti-
vated to investigate the possibility that DM-gas interac-
tion underlies the low gas temperature.
Solving the full dynamical evolution Eqs. (5)–(7) from
recombination down to z = 10 (including the evolution
of the free electron fraction), one can extract the nec-
essary DM cross section, σˆI , needed to produce the re-
ported absorption peak through interaction with a given
component of the gas. This analysis was first performed
in [4] for the DM-hydrogen interactions, and is now be-
ing generalized for DM interaction with the free electron
and proton components. The required cross section σˆ is
shown in Fig. 1 as a function of the DM mass. The lines
correspond to the minimal cross section that induces an
absorption line in agreement with the data at the 99%
confidence level. We choose the parameters in order to
give the minimal required cross section between the DM
and the gas. In particular any heating effect of the gas
at late times from UV radiation or other astrophysical
sources is neglected.
Fig. 1 shows that the DM mass needed to explain the
signal needs to be lighter than a few GeV. For heavier
masses the cross section rises steeply until it becomes
impossible for DM interactions to account for the cooling
5of the gas. This is in agreement with the results of Ref. [3]
where it was demonstrated that for DM heavier than the
hydrogen, the drag dominates the collisions and causes
heating of both DM and the gas. Since free streaming
bounds often require the DM mass to be heavier than
a few keV’s [53, 54], the DM mass region between keV
and GeV is the natural window to explain the EDGES
excess.
Our results show that the cooling through interactions
with the helium or the ionized fraction requires a much
bigger cross section compared to the one for hydrogen.
This can be understood from a simple scaling relation
which explains pretty well the behavior of the different
cross sections in Fig. 1 far away from their turn over at
high DM mass. For the case when mχ  mp and Tχ 
Tgas, by inspecting the ratio between the I’th component
and the hydrogen while holding the cooling rate Q˙ fixed,
Eq. (8) implies,
σˆI
σˆH
=
(
mI +mχ
mp +mχ
)2(
mp
mI
)5/2
1
xI
. (15)
The fact that xHe ' 1/13 and xe ' 10−4 between z =
200 and z = 20 helps explain our results.
IV. MODELS OF DARK MATTER AND
CONSTRAINTS
We now study the circumstances under which viable
DM interactions with the SM can explain the EDGES
excess. Several assumptions are made:
• Dark matter must cool the temperature of the gas.
• Interactions with the gas occur via a Coulomb-like
potential that results in a cross section proportional
to v−4rel .
• Dark matter is heavier than a keV.
Other possibilities that go beyond these assumptions will
be presented in an upcoming publication.
The differential cross section for DM scattering with
the I’th component of the gas can be conveniently
parametrized as
4pi
dσI
dΩ
= σ¯I
∣∣Fχ(q2)∣∣2 ∣∣fI(q2)∣∣2 , (16)
where
σ¯I =
16piαDα
I
eff µ
2
I
(m2φ + q
2
typ)
2
, (17)
not to be confused with σˆI defined in Eq. (9). Above
mφ is the mass of the force mediator that couples to the
DM with strength αD and to the SM with strength α
I
eff.
Fχ(q
2) is the momentum-dependent DM form factor and
fI(q
2) is the target form factor accounting the the finite
size of the target in the case of hydrogen or helium. qtyp
is the typical momentum relevant for the studied scat-
tering process, and is chosen according to the situation.
In recent years it has been established that light, sub-
GeV, dark matter may be detected directly via inelas-
tic scattering processes (see, e.g. [55–67]). For such di-
rect detection experiments the typical momentum trans-
fer is of order the Bohr radius, and therefore in order to
make contact with these studies, in what follows we take,
qtyp = a
−1
0 = αme.
In direct detection experiments, a minimal momentum
transfer must exist in order to overcome the experimen-
tal threshold. This is not the case in the early universe
and thus for a light mediator, Fχ(q
2) ∝ 1/q2, the IR
divergence of the integral over dΩ in Eq. (16) must be
regulated. As we review in App. B, this is done by aver-
aging over the energy transfer, Q˙. Taking the low mass
limit for the mediator, one finds,
σˆI =
2piαDαeff
µ2I
log
(
4µ2v2rel
em2φ
)
. (18)
As demonstrated in Sec. II B, a velocity dependent
cross section is needed in order to enhance it at z = 20
where the relative velocity between DM and the gas is
of order vrel = 10
−6. By inspection of Eq. (16) we note
that for that to happen the mediator mass should be
smaller than the typical momentum transfer at z ' 20,
q ∼ µIvrel. An upper bound on the desired mediator
mass is therefore,
mφ . µIvrel ∼ µI · 10−6 . 1 keV · µI
1 GeV
, (19)
where in the last inequality we assumed that mχ .
1 GeV. We now study models that satisfy this criteria.
A. Unscreened Long Range Forces
We first consider models where a new light mediator
induce Coulomb-like interactions between DM and hy-
drogen or helium (as apposed to their constituents). In
this type of scenarios the mediator mediates a new un-
screened long-range force. The strength of that force is
described by the effective Yukawa potential
V (r) =
αeff
r
e−mφr. (20)
The constraint on the mediator mass given in Eq. (19)
is translated into a minimal effective range for the force,
(mφ)
−1 & 0.1 nm. In Fig. 2 we show the limits (total
shaded region) on such a mediator in the SM effective
coupling vs. mediator mass plane, alongside the param-
eters needed to explain the EDGES signal for keV and
GeV DM mass. The red, blue and green lines indicate
the needed couplings assuming gas cooling via hydrogen,
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FIG. 2. Constraints on the effective couplings of light media-
tors to the SM as a function of the mediator mass. The gray
shaded region is excluded for theories that mediate a long
range Rutherford-like force which cannot be fully screened.
For the astrophisical bounds we assume democratic media-
tor couplings between electrons and protons. The purple-
shaded region holds also for a light hidden photon under
which SM charges are proportional to their electric charge
and can therefore be screened. The solid (dashed) lines in-
dicated the minimal αeff needed to fit the EDGES signal (see
Fig 1) when cooling via the scattering of a keV (GeV) DM
with hydrogen (red), helium (blue) and free electrons and
protons (green) is assumed. In order to show the severeness
of the constraints on αeff , the cross sections are obtained for
the best case scenario where the coupling of the DM to the me-
diator, αD = 1, ignoring any possible limits. The gray shaded
region is excluded by various 5th force experiments [13, 68]
while the purple-shaded region shows various limits including
those from stellar cooling constraints [18, 19].
helium and ionized fraction respectively. We see that, in-
dependently of any other constraint related to the partic-
ular DM mass or the DM coupling αD, 5th force experi-
ments alone severely constrain the coupling of such a light
mediatior to the SM [13, 68]. For mediator masses above
0.1 eV the 5th force experiments loose sensitivity and
strong limits from stellar cooling processes in HB stars,
in the Sun [18] and in Red Giants [19] take over. In Fig. 2
we show the bounds for a mediator which couples to elec-
trons and protons with the same strength. These bounds
can be reduced of by a factor of (me/2mp)
2 ≈ 10−7 for
mediators coupled to protons only. Even in this advan-
tageous case we see from Fig. 2 that the cross sections
required to cool the gas in that mass region is excluded
by star cooling constraints.
This simple observation rules out models where a new
light scalar is the mediator and the effective coupling αeff
is proportional to its Yukawa interactions with a given
fraction of the gas αeff = y
2
I/4pi (see for example [69]).
The same reasoning rules out models with a B − L vec-
tor (or scalar) mediator, where αeff = g
2
B−L/4pi and the
helium carries a charge 2. The same reasoning apply
to models where a light vector mediator is gauging an
anomalous symmetry of the Standard Model under which
the hydrogen is charged such as U(1)B or U(1)L. This
last possibility is further constrained by a variety of rare
processes and indirect observations related to the exis-
tence of anomalous coupling at low energy [70–72]. The
line of arguments presented above essentially rules out
all known direct DM-atom Coulomb-like scattering as a
possible explanation of the EDGES signal.
The 5th force constraints are derived from gravity
precision tests. These experiments are done with elec-
trically neutral systems to reduce the noise. Conse-
quently, the only force mediators that may evade the
above constraints (and yet produce a Coulomb-like long-
range force) are those that can be screened at long dis-
tances. Only two such possibilities are known: (i) Models
with a hidden photon that mixes with the SM photon,
and (ii) Models under which DM is millicharged and the
mediator is the visible photon itself. In both cases, the
SM charges under the force are proportional (or equal)
to the corresponding electric charge, which is screened at
long distances. We now discuss these two cases in turn.
B. Hidden Photons
The so-called vector portal introduces a dark sector
that communicates with the SM via a U(1)D gauge bo-
son, A′. This hidden photon kinetically mixes with the
SM hypercharge and consequently with the visible pho-
ton,
L ⊃ − 
2
FµνF ′µν . (21)
Here  is the kinetic mixing parameter and Fµν (F ′µν)
is the photon (hidden photon) field strength. One may
invoke a field redefinition in which the two photons are
mass eigenstates that do not mix. For a sufficiently light
hidden photon, the form factor of Eq. (16) is given by,
Fχ(q
2) ' α
2m2e
q2
, (22)
and the scattering cross sections are given by Eqns. (17)
and (18) with αeff = 
2α.
As explained in the Introduction, the de-Broglie wave-
length of an interacting sub-GeV DM with a velocity of
order 1 km/sec (relevant at z ' 20) is too large to resolve
the internal structure of the neutral hydrogen and he-
lium. Consequently, scattering with these particles does
not result in v−4rel interactions. The only possibility left
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FIG. 3. Constraints on the hidden photon parameter space for the case when the interacting particle constitutes all of the
measured DM density (Ωχ = ΩCDM) and for the choice of very light mediator mA′ = 10
−18 eV. The same parameter space
is plotted on the  −mχ plane (left) and σ¯e −mχ plane (right). In both plots we choose αD = 10−10(mχ/MeV)3/2 which
is consistent with the self-interaction limits [21]. The green line represent the minimal cross section needed to explain the
EDGES measurement, while in dashed-gray lines we show contours of constant σˆ for better orientation. Constraints from
cooling of the supernova (SN) 1987A [6] (purple), direct detection limits from XENON10 [56, 63] (green), effective number of
relativistic particles at CMB and at BBN [8] (blue), SLAC millicharge experiment [22] (gray), cooling of white-dwarfs (WD),
horizontal-branch (HB) stars and red-giants (RG) [8] (pink and brown), limits on DM-SM coupling at the time of CMB [23]
(light green) and DM-SM momentum transfer [73] (light purple) are shown in the shaded regions.
is thus to interact with the free electrons and protons.
The relevant cross section needed in order to address the
EDGES measurement is the one shown in green in Fig. 1.
The same conclusion holds for the millicharged DM case
discussed below.5
Numerous constraints on the hidden photon and on
DM that is coupled to it have been studied in the
literature. One limiting aspect is the self-interaction
bounds [21] which place an upper bound on the DM-
mediator coupling, αD. In Fig. 3 we plot the line de-
scribing the minimal cross section required to fit the
signal in the  − mDM and σ¯e − mDM planes. In the
plots we assume the interacting particle constitutes all of
the DM. On the left, for every value of  we choose the
largest possible αD coupling allowed by self-interaction
limits, taking the mediator mass to be mφ = 10
−18 eV.
We also show constraints from cooling of the supernova
(SN) 1987A [6], direct detection limits from XENON10
5 A full treatment of the DM-millicharge interactions has in prin-
ciple to include the velocity dependent cross section of DM with
Hydrogen which we neglect in our approximation (λ & a0). Since
the Hydrogen is roughly 104 times more abundant at z ≈ 20
dipole interactions of DM with Hydrogen might become relevant
for mχ & 10 MeV. We defer a complete study of this effect for
a future work.
[56, 63], effective number of relativistic particles at CMB
and at BBN [8], SLAC millicharge experiment [22], cool-
ing of white-dwarfs (WD), horizontal-branch (HB) stars
and red-giants (RG) [8] and limits on DM-SM coupling
at the time of CMB [23]. We finally include the most
recent limits on DM heating up the gas at the time of
CMB (see [73]). These bounds are the dominant ones
for DM masses between 100 KeV and 1 MeV.
It is interesting to ask whether the situation improves
if the particle cooling the gas is a subdominant compo-
nent of DM. With the exception of the CMB limit (which
looses sensitivity for Ωχh
2 < 0.007 [9]), and the self-
interaction bounds, all other constraints remain. Since
σˆ ∝ 2αD, relaxing the constraint on αD does not im-
prove or change the best-fit line shown in the σ¯e −mDM
plane. Thus, excluding a small region around the GeV
DM mass and cross section of order σ¯e ∼ 10−25 cm2, we
conclude that the hidden photon mediator cannot explain
the observed EDGES signal.
C. Millicharged Dark Matter
Millicharged particle (MCP) DM is comprised of par-
ticles that are charged directly under electromagnetism.
Severe constraints on the strength of DM-SM interaction
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FIG. 4. Constraints on the charge, Q, of a millicharged par-
ticle as a function of the DM mass. The red line indicates
the minimal cross section needed to explain the EDGES mea-
surement, assuming the millicharged particle constitutes only
1% of the DM density. The dashed-gray lines show con-
tours of constant σˆ. Constraints from cooling of the super-
nova (SN) 1987A [6] (purple), direct detection limits from
XENON10 [56, 63] (green) and SENSEI [74], SLAC mil-
licharge experiment [22] (gray), BBN [7] (light blue) and
cooling of white-dwarfs (WD), horizontal-branch (HB) stars
and red-giants (RG) [8] (pink and brown) are shown in
the shaded regions. We also add constraints from heating
due to DM annihilation derived in [75] (blue). This bound
only applies to fermionic DM for which the annihilation is
s-wave. The shaded yellow band indicates where millicharge
DM might be evacuated from the galactic disk [23, 29].
force its electric charge to be fairly small. The MCP form
factor can also be approximated by Eq. (22) and the cross
section is given by Eqs (17) and (18) with αeff = α and
αD = Q
2α, where Q is the MCP electric charge in units
of the electron’s electric charge. While in the mA′ → 0
limit of a kinetically mixed U(1)D discussed above DM
matter appears to carry an electric millicharge, there are
still some subtle differences between the two scenarios.
In the case of a vector portal, DM-DM interaction are
mediated by a hidden photon and are proportional to
αD. Millicharged DM, on the other hand, self-interacts
only through the exchange of the SM photon, thus evad-
ing most DM self interactions constraints. Moreover, the
number of effective degrees of freedom in a “pure” mil-
licharge DM is smaller than that of a ultr-light hidden
photon. The bounds from BBN and CMB are then re-
laxed. Millicharged particles might also be evacuated
from the galactic disk [4, 23, 29]. This effect, if true,
exclude MCP from being responsible for the whole DM
budget. A precise assessment of this effect including the
uncertainties on the modeling of the various components
of the Galactic magnetic field is left for future investiga-
tion.
In Fig. 4 we plot the measured EDGES signal on top
of the existing constraints in the Q −mχ plane, assum-
ing only 1% of DM is in the form of MCP. As evident
from comparison to Fig. 3, the parameter space slightly
opens, the main reason being that BBN and CMB con-
straints are weaken in the absence of a hidden photon.
Weaker cosmological constraints still applies, in partic-
ular we include the BBN bound from Ref. [7]. We also
show the region where DM annihilation heats up the gas,
consequently the spin temperature would rise and thus
the EDGES signal can not be accounted for in that re-
gion. This effect was first pointed out in [76] and was
carefully computed in the case of MCP in [75]. Note
that this bound is only relevant for fermionic MCP where
the thermal-averaged annihilation cross section is veloc-
ity independent. One might wonder why the bound com-
puted in [75] seems independent on the millicharge q in
the region of interest. This exactly the regime in which
the heating from annihilation equates the cooling from
scattering described in Eq. (5-6). Since both these cross
section depends on q2 the bound is approximately inde-
pendent on q.
The constraints from XENON10 and SENSEI were
re-scaled to account for the smaller DM fraction and
a preliminary first estimate of the terrestrial effect on
the charged particle flux penetrating the earth was in-
cluded [77]. Indeed this effect to date has only been stud-
ied for a much heavier mediator [78]. The shaded light
region taken from Refs. [23, 29] is there as a reminder that
a significant reduction of the DM flux might be caused
by MCP being evacuated from the galactic disk. This
region should not be treated as an exclusion region since
in Fig. 4 MCP is only a subdominant constituent of the
DM density.
V. CONCLUSIONS
In this paper we studied the possibility that the strong
21-cm absorption line observed by the EDGES collab-
oration can be explained due to the cooling of the hy-
drogen gas via its scattering with cold dark matter. In
order to explain the observed signal, dark matter must
strongly interact with the gas at around z = 20, imply-
ing that Rutherford-like (velocity-enhanced) interactions
must induce the cooling.
Such scatterings require a very light mediator and two
possibilities exist: Either the hydrogen or helium are
charged under the new long-range force (meaning that
the nucleons and electrons do not screen the interaction)
or they are neutral. In the former case, 5th-force ex-
periments strongly constrain the possibility of mediating
the required strong interaction between the DM and the
visible sector. The latter case can arise from either the
interaction with the visible photon or with a hidden pho-
9ton that kinematically mixes with the visible one. We
showed that both of these possibilities are strongly con-
strained due to limits on millicharge dark matter and
self-interacting dark matter respectively. Consequently,
the dominant DM component cannot cool the hydro-
gen enough to explain the observed signal. In the case
of a millicharged particle, a subcomponent of the DM
(. 1%) may explain the signal while marginally evading
the bounds.
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Appendix A: Heating Formalisem
The temperature and relative bulk velocity evolution
is described by Eqns. (6), (5) and (7) and can be solved
once the drag term D(Vrel) and the heating rate Q˙ are
known. The drag term is a consequence of the momen-
tum transfer between the DM and the baryonic gas and
is given by,
VrelD(Vrel) = ~Vrel ·
(
~Dχ − ~Dgas
)
, (A1)
with
~Dχ =
ngas
mχ
〈
vrel
∫
dΩ
dσ
dΩ
~q
〉
, (A2)
~Dgas = − nχ
mgas
〈
vrel
∫
dΩ
dσ
dΩ
~q
〉
.
above 〈·〉 denotes thermal averaging, ~q is the momentum
transfer in a single collision, and vrel is the relative veloc-
ity between the particles participating in the interaction.
The drag term is thus given by
VrelD(Vrel) =
ρχ + ρgas
mχ +mgas
〈
vrel
µ
∫
dΩ
dσ
dΩ
~q
〉
· ~Vrel, (A3)
where µ is the interacting particles reduced mass. The
drag term is Galilean invariant and thus can be computed
in the desired frame.
To calculate the heat transfer we move to the momen-
tarily rest frame of one of the components and calculate
the thermal averaged rate of energy transfer, the gas to
DM heat transfer is thus given (in any frame) by,
Q˙χ = ngas
〈
vrel
(
~vcm − ~Vχ
)
·
∫
dΩ
dσ
dΩ
~q
〉
, (A4)
where ~Vχ is the dm bulk velocity and ~vcm is the inter-
acting particles center of mass velocity. The DM to gas
heat transfer can be obtained by replacing (gas↔ χ) and
(~q → −~q). Using the two equations above one can derive
the following conservation law
nχQ˙χ + ngasQ˙gas =
ρχρgas
ρχ + ρgas
VrelD(Vrel). (A5)
Appendix B: Cross Sections
From the above section we learn that both the heat
transfer and the drag term are related to the underlying
particle physics through the quantity,
~I =
∫
dΩ
dσ
dΩ
~q. (B1)
The momentum transfer is a function of the scattering
angle and accordingly a function of the solid angle Ω.
The only direction in the above quantity is the initial
relative momentum ~p = µ~vrel, this in turn motivates us
to define the transfer cross section as,
σT =
~p · ~I
p2
=
pi
2p4
∫ 4p2
0
dq2
dσ
dΩ
q2, (B2)
where for the last equality we made use of the facts that
in elastic scattering ~p·~q = −q2/2 and d cos θ = −dq2/2p2.
We note that this definition of the transfer cross section
is identical to the one given in [21, 81].
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In cases where the cross section gets a v−4rel enhance-
ment the differential cross section is in the form of
Eq. (16) with Fχ ' 1/q2 and fI ' 1,
4pi
dσ
dΩ
=
16piαDαeff µ
2
(m2φ + q
2)2
. (B3)
The total cross section obtained by integration of the
above equation is seemingly divergent when the mass of
the vectors is taken to zero. However, the transfer cross
section of interest to us is physically regularized, to lead-
ing order in the mediator mass it is given by,
σT ' 2piαDαeff
µ2v4rel
log
(
4µ2v2rel
em2φ
)
, (B4)
which indeed depend only logarithmically on the medi-
ator mass. This cross sections is however only the Born
approximation to the total cross section, and holds as
long as mφ  √αDαeffmχ. We note that the limit
mφ → 0 is regularized via thermal masses that exists
inside the plasma.
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